Based on a baryon-baryon interaction model with meson exchanges, we investigate the origin of the strong attraction in the N Ω( 5 S2) interaction, which was indicated by recent lattice QCD simulations. The long range part of the potential is constructed by the conventional mechanisms, the exchanges of the η meson and of the correlated two mesons in the scalar-isoscalar channel, denoted by "σ" in the literature. The short range part is represented by the contact interaction. We find that the meson exchanges do not provide sufficient attraction. This means that most of the attraction is attributed to the short range contact interaction. We then evaluate the effect of the coupled channels to the N Ω( 5 S2) interaction. We find that, while the D-wave mixing of the N Ω channel is negligible, the inelastic ΛΞ, ΣΞ, and ΛΞ(1530) channels via the K meson exchange give the attraction of the N Ω( 5 S2) interaction to the same level with the elastic meson exchanges. Although the elimination of these channels induces the energy dependence of the single-channel N Ω interaction, this effect is not significant. With the present model parameters fitted to reproduce the scattering length of the HAL QCD result of the nearly physical quark masses, we obtain the N Ω( 5 S2) quasibound state with its eigenenergy 2611.3−0.7i MeV, which corresponds to the binding energy 0.1 MeV and width 1.5 MeV for the decay to the ΛΞ and ΣΞ channels. From the analysis of the spatial structure and the compositeness, the quasibound state is shown to be the molecular state of N Ω. We also construct an equivalent local potential for the N Ω( 5 S2) system which is useful for various applications.
I. INTRODUCTION
Existence and properties of dibaryons have been one of the major topics in hadron physics. Here dibaryons stand for states of baryon number B = 2 generated by strong interactions regardless of their structure: compact hexaquarks, baryon-baryon and meson-baryon-baryon molecules, etc. So far, there is only single well-established dibaryon state, the deuteron, which is a proton-neutron molecule [1] . Because various different mechanisms in strong interactions are expected to generate dibaryons, the study of dibaryons helps to understand the underlying theory of strong interactions, quantum chromodynamics (QCD). For instance, compact hexaquarks are closely related to the mechanism of quark confinement and correlation of quarks inside hadrons. Hadronic molecules serve as a valuable clue to investigate the hadron-hadron interactions which lead to novel few-body systems bound by hadronic interactions.
Historically, dibaryons were first discussed in theoretical studies. In the early stage, dibaryons analogous to the deuteron were predicted in Ref. [2] by combining the nucleon (N ) and the ∆ resonance. The H dibaryon was predicted as a compact hexaquark owing to the strongly attractive color-magnetic interaction between quarks [3] , which stimulated various experimental searches for such dibaryons (see review [4] ). As an ex-ample of the dibaryon with meson-baryon-baryon structure, theKN N state was predicted [5] , motivated by the strong attraction between the antikaon (K) and nucleon [6] (see reviews [7, 8] ). Then, recent remarkable progress in experiments and in lattice QCD simulations enables us to examine these theoretical predictions on dibaryons. For example, the WASA-at-COSY collaboration has recently reported the d * (2380) in quantum numbers (J P , I) = (3 + , 0) [9] [10] [11] , which may correspond to the isoscalar ∆∆ bound state predicted in Ref. [2] . Some hints about the H dibaryon come from lattice QCD simulations [12] [13] [14] [15] [16] [17] [18] [19] . In particular, the baryon-baryon interaction in the HAL QCD method with nearly physical quark masses [18, 19] implies existence of a resonance around the N Ξ threshold. Lattice QCD analyses with the nearly physical quark masses are further suggesting new dibaryons such as the S-wave ΩΩ bound state in J P = 0 + [20] . The J-PARC E15 experiment observed a peak structure which can be interpreted as a signal of theKN N quasibound state [21, 22] . In this study, we focus on yet another dibaryon system, the N Ω state. This system was predicted to be bound in quark-model calculations [23] [24] [25] [26] , and further studies within quark models are found in Refs. [27, 28] . Remarkably, the repulsive core is expected to be absent in the elastic N Ω potential, in contrast to the nuclear force, because the quark flavors in N are completely different from those in Ω and hence the Pauli exclusion principle does not work. The absence of the repulsive core is advantageous to generate a possible dibaryon state in the N Ω system. The N Ω interaction in the 5 S 2 channel was recently obtained in the HAL QCD analyses of the lattice QCD data, where 2S+1 L J denotes the state with spin S, L wave, and total angular momentum J of the N Ω system. Interestingly, the results of the HAL QCD analyses suggested a strongly attractive potential in the N Ω( 5 S 2 ) channel without repulsive core which supports a bound state [29] [30] [31] . Although there are lower energy baryonbaryon coupled channels ΛΞ and ΣΞ, it is expected that the decay of the N Ω( 5 S 2 ) quasibound state will be suppressed because couplings to these decay channels are in D wave (see Table I for baryon-baryon channels coupling to the N Ω state). Stimulated by the HAL QCD results, the N Ω interaction was studied in the framework of chiral perturbation theory [32] . A method to probe this dibaryon with the correlation between N and Ω in highenergy heavy ion collisions was proposed in Ref. [33] as well.
The aim of our study is to understand the origin of the strong attraction in the N Ω( 5 S 2 ) channel. For this purpose, we construct a meson exchange model for the N Ω interaction. Combining the long-range meson exchange mechanisms with the short-range interaction represented by the contact term, we can pin down the physical origin of the attractive N Ω interaction. In addition, by taking into account the coupling to the relevant baryon-baryon inelastic channels, we can further discuss the absorption processes and the energy dependence of the N Ω interaction. These effects was assumed to be small and neglected in the HAL QCD analyses of the N Ω interaction. Finally, the attractive N Ω interaction implies the possible existence of nuclei with an Ω baryon. It is practically useful to construct a local potential equivalent to the full model, for the application to few-body calculations of Ω nuclei. This paper is organized as follows. First, in Sec. II we formulate the N Ω interaction including the inelastic contributions as well as the elastic channels. Next, we show the expression of the scattering amplitude and determine the model parameters so as to reproduce the N Ω( 5 S 2 ) scattering length calculated in the HAL QCD analyses in Sec. III. We then discuss the N Ω( 5 S 2 ) interaction in Sec. IV by separately evaluating the elastic and inelastic contributions to the interaction. We also calculate properties of the on-shell N Ω scattering amplitude and of the N Ω quasibound state. In Sec. V we construct an equivalent local potential which reproduces the N Ω( 5 S 2 ) scattering amplitude. Section VI is devoted to the conclusion of this study.
II. FORMULATION OF THE N Ω INTERACTION
First of all, we formulate the N Ω interaction based on the meson exchanges with effective Lagrangians. This interaction is then used to obtain the scattering amplitude in Sec. III.
A. Mechanisms
As for the elastic N Ω channel, the Okubo-ZweigIizuka (OZI) rule restricts mediating mesons to those containing both (uū + dd)/ √ 2 and ss components. Owing to this fact, the longest range interaction should be mediated by the η exchange [ Fig. 1(A) ]. In addition to η, there is a contribution from the exchange of the light scalar-isoscalar meson "σ", which should be, however, treated as the exchange of correlated two pseudoscalar mesons due to its broad width as shown in Fig. 1(B) . In the vector channel, on the other hand, the exchange of the light vector mesons is forbidden, because of their ideal mixing and the OZI rule. The contributions from the η and correlated two-meson exchanges can be determined by empirical information as we show below. Further contributions at short ranges, such as the exchanges of the heavier mesons and the color magnetic interactions at quark-gluon level, are treated as a contact term [ Fig. 1(C) ].
There are several inelastic channels which can couple to N Ω as shown in Table I . Among them, we take into account the two open channels ΛΞ and ΣΞ which are responsible for the absorption processes. We also include one closed channel ΛΞ * , whose threshold is nearest to the N Ω threshold. We consider the transition from N Ω to these channels through the K exchange. We expect that, around the N Ω threshold, the transitions between the inelastic channels such as ΛΞ → ΛΞ contributes to the N Ω interaction only subdominantly. Neglecting these contributions, we evaluate the box diagrams to include the inelastic effects on the N Ω interaction as shown in Fig. 1(box) .
B. Effective Lagrangians
The vertices in Figs. 1 are constructed with the effective Lagrangians including the pseudoscalar meson P , octet baryon B, and decuplet baryon D, based on flavor SU(3) symmetry.
The P BB coupling is governed by the chiral Lagrangian:
with the pseudoscalar meson and octet baryon fields Φ and B, respectively, whose explicit forms are
The meson decay constant f is chosen at their physical values [34] : f π = 92.1 MeV, f K = 1.2f π , and f η = 1.3f π . The parameters D = 0.795 and F = 0.465 are fixed by the weak decays of the octet baryons. The Lagrangian for the P BD coupling is
where m π is the pion mass and the product (∆ · Φ) represents
with the decuplet baryon field ∆:
for ∆(1232),
for Σ(1385),
for Ξ(1530), and
for Ω − . The form of ∆ abc is completely symmetric under permutations of indices a, b, and c = 1, 2, 3. The coupling constant f P BD is fixed as f P BD = 1.8 so as to reproduce semi-quantitatively the decay widths of the decuplet baryons: with f P BD = 1.8, we obtain Γ ∆(1232)→πN = 63 MeV, Γ Σ(1385)→πΛ = 33 MeV, Γ Σ(1385)→πΣ = 5 MeV, and Γ Ξ(1530)→πΞ = 14 MeV.
Similarly, the Lagrangian for the P DD coupling is
where the product (∆ · ∆) represents
The coupling constant f P DD is fixed from the nucleon axial charge based on the nonrelativistic SU(6) quark model [35] :
where g A ≡ D + F = 1.26. From this analysis, we obtain f P DD = 9g A m π /(5 √ 2f ) = 2.09. Finally, we employ a spin-independent form for the contact BDBD Lagrangian
with a coupling constant c as a model parameter. In general there is a spin-dependent contact BDBD term as in Ref. [32] , which generates difference between interactions of the J P = 2 + and 1 + channels. However, the term in Eq. (13) is sufficient in this study because we focus only on the J P = 2 + channel. In the following we construct the N Ω interaction by using these effective Lagrangians, together with the empirical information of the two-meson correlation.
C. η exchange
The η exchange term, which is denoted by V A , can be straightforwardly formulated according to Fig. 1(A) .
From the effective Lagrangians, we can express V A in terms of the helicity eigenstates as
where p and p ′ are the center-of-mass relative momenta in the initial and final states, respectively, q ≡ |p − p ′ | is the momentum transfer, m η is the η mass, and u N and u µ Ω are the N and Ω spinors, respectively (see Appendix B). The spinors depends on the helicity λ as well as the momentum p. We introduced a form factor F (q) of a monopole type:
with a cutoff Λ. In the calculation of V A we used relations
where m N and m Ω are the N and Ω masses, respectively.
D. Correlated two-meson exchange
To formulate the correlated two-meson exchange term V B , we need some consideration. In this study we start with a general form of the interaction constructed as a linear combination of the so-called kinematic covariants O a µν [36, 37] :
where the coefficients V a are Lorentz-invariant amplitudes as functions of the Mandelstam variable t and a specifies types of (O
a µν ). The kinematic covariants are built up from the Dirac matrices and the momenta in such a way that their bilinear spinor representations are Lorentz invariant. Then, because the correlated two mesons in Fig. 1 are in the scalar channel, we have only two independent types of (O
(Ω) a µν ), for which we take
where q µ is the four-momentum transfer. Therefore, making the three-dimensional reduction and introducing Fig. 2 .
a phenomenological form factor, we can express V B as
where t = −|p − p ′ | 2 and q µ = (0, p − p ′ ). We use the monopole-type form factor in Eq. (15) with the same cutoff Λ. Now our task is to evaluate the coefficients V S and V 2M , which govern the interaction strength. They are calculated with the dispersion relation for the scattering amplitude, as done in, e.g., Refs [36, 37] . In the N Ω → N Ω reaction, V S,2M (t) as a function of t is analytic except for some resonance poles and branch cuts along the real t line: the unitarity cut running from 4m 2 π to ∞ and the left-hand cuts. Therefore, neglecting the latter one, which is irrelevant to the correlated two-meson exchange, we may consider the dispersion relation in a general form:
where we introduced a cutoff t c instead of infinity. Equation (22) means that, to calculate the N Ω interaction with the correlated two-meson exchange taking place in the region t < 0, we may consider the same amplitude but in t > 4m 2 π , which can be achieved in the NN → ΩΩ reaction as shown in Fig. 2 .
In this study we formulate the NN → ΩΩ scattering amplitude by considering the intermediate states listed in Table II . The scattering amplitude of the two pseudoscalar mesons in the scalar channel, denoted by the shaded circle in Fig. 2 , is calculated in the so-called chiral unitary approach [38] [39] [40] [41] . The details of the formulation and calculation of the NN → ΩΩ scattering amplitude are given in Appendix D.
We fix the cutoff t c = (1.2 GeV) 2 , which is the upper boundary of the fit range of our ππ-KK-ηη scattering amplitude in the chiral unitary approach to the experimental ππ(J = 0, I = 0) phase shift (Appendix F). The resulting V S,2M in the region t < 0 are shown in Fig. 3 .
E. Contact term
The contact term is straightforwardly constructed as
We here introduced the form factor F (q) as in the η and correlated two-meson exchanges. The unknown coupling constant c is to be determined by the lattice QCD data as described in Sec. III.
F. Projection to partial waves and coupling to inelastic channels
The interaction terms above are constructed in terms of the helicity eigenstates in momentum space as
where p and p ′ are the relative momenta in the centerof-mass frame in the initial and final states, respectively, and λ a is the helicity for the ath baryon in the baryonbaryon scattering B 1 B 2 → B 3 B 4 . Now these interaction terms are projected to partial waves according to the method in Appendix C. As a result, the expression of the interaction reduces to 
, and S (′) are total angular momentum, parity, spin, and orbital angular momentum of the two-body system in the initial (final) state, respectively.
In this study we focus on the N Ω interaction in its S wave with J P = 2 + ( 5 S 2 channel) where the attractive interaction is reported by the HAL QCD collaboration. Let us discuss contributions from the inelastic channels ΛΞ, ΣΞ, and ΛΞ * . Here we consider these channels with minimal orbital angular momenta, namely, D, D, and S waves for the ΛΞ, ΣΞ, and ΛΞ * channels, respectively. We note that for J P = 2 + there are two D-wave states with different spins ( 3 D 2 and 1 D 2 ) in each of the ΛΞ and ΣΞ channels. In summary, we take into account the channels listed in Table III. The evaluation of the inelastic contributions proceeds as follows. We first calculate a coupled-channel partialwave projected interaction of the process
where the channel index j runs from 1 to 6 as listed in Table III . Owing to the time reversal invariance of the strong interaction, we have a relation
The transition to the inelastic channels is driven by the K exchange as described in Sec. II G. We then evaluate the box diagram in Section II H to obtain the effective single-channel N Ω interaction in channel 1. 
G. K exchange for transition interaction
The transition to inelastic channels with the K exchange as shown in Fig. 1(box) can be formulated in a similar manner to the case of the η exchange. Here, for simplicity we make an approximation that the time component of the momentum transfer is zero, q 0 ≈ 0, and hence q µ ≈ (0, p − p ′ ). This can be guaranteed by the mass degeneracy in the SU(6) spin-flavor symmetry.
Then, the transition terms are constructed as
with q ≡ |q| = |p − p ′ |. We adopt the same form factor F (q) with the other diagrams. Performing the partial wave projection in Appendix C, we obtain V 1j (p ′ , p).
H. Inelastic contributions in box diagrams
As we explained in Sec. II A, we consider the transition of the N Ω to the inelastic channels by the K exchange but neglect the transition between the inelastic channels such as ΛΞ → ΛΞ. In this case, the inelastic channels contribute to the N Ω( 5 S 2 ) interaction only through the box diagrams in Fig. 1 (box). We can express this by using the partial-wave projected interaction in the previous section:
with j = 2-6. The on-shell energy E j is
with m j and m ′ j being masses of particles in channel j:
We note that the interaction V box(j) (E; p ′ , p) depends on the center-of-mass energy E. For a real energy E > m i + m ′ i , the interaction V box(j) (E; p ′ , p) becomes complex according to the infinitesimal quantity +i0 in the denominator. The imaginary part of the box interaction V box(j) represents the absorption of the N Ω system into the channel j.
III. SCATTERING AMPLITUDE AND PARAMETER FIXING
The N Ω( 5 S 2 ) interaction we have formulated is composed of
Here V A,B,C denote the contributions from the η exchange, correlated two-meson exchange, and contact terms projected to the 5 S 2 channel, respectively. The box contribution V box(j) was defined in Eq. (29) .
One of the most important quantities calculated with this interaction is the T -matrix of the N Ω( 5 S 2 ) scattering. In the present formulation, the T -matrix of the N Ω( 5 S 2 ) scattering is a solution of the LippmannSchwinger equation in a single channel as follows:
where E N Ω is the on-shell energy for the N Ω system
The energy E in Eq. (32) can be analytically continued to the complex plane. When we calculate the on-shell Tmatrix, T on , for the N Ω( 5 S 2 ) scattering above the threshold, the infinitesimal quantity +i0 in the denominator specifies the boundary condition and gives the imaginary part of the T -matrix, which results in
with the relative momentum k, on-shell K-matrix K on , and phase space ρ(k). The K-matrix is calculated with the integral equation
where P stands for the principal value of the integral, and the on-shell part is
The phase space ρ(k) is defined as
From the on-shell T -matrix, we can extract the threshold parameters for the N Ω scattering in nonrelativistic quantum mechanics such as the scattering length a and effective range r eff . In the present notation, the N Ω( 5 S 2 ) scattering amplitude in nonrelativistic quantum mechanics, f S , is expressed as
We can expand the inverse of the scattering amplitude, f S (k) −1 , with respect to the relative momentum k as
where the scattering length a and effective range r eff enter as the coefficients of the zeroth and second order terms, respectively. Therefore, we can calculate them from the behavior of the scattering amplitude at the threshold:
We note that the scattering length and effective range are in general complex if the interaction V has imaginary part as the absorption into open channels. Next, we would like to fix the model parameters in our potential: cutoff Λ and coupling constant for the contact term c. Among the two parameters, the cutoff Λ can be fixed to be a typical hadron scale. In the present study we take the value Λ = 1.0 GeV. The coupling constant c, on the other hand, we need information on the N Ω( 5 S 2 ) interaction. We employ the recent HAL QCD result on the scattering length from lattice QCD simulations with the nearly physical quark masses [30] , in which the N Ω( 5 S 2 ) system is found to be bound with very small binding energy and the system is almost in the unitary limit. In Ref. [30] , they reported that the scattering length is 7.4 ± 1.6 fm at the time range t = 11 of the lattice simulations. 2 We reproduce this value by using our model but with hadron masses adjusted to the lattice simulations.
For the hadron masses in the lattice QCD simulations, we adopt m [43] . They are used to calculate the on-shell energies E j , which enter in the denominators of the Tmatrix and box interactions, while we assume that the 2 We would like to thank T. Iritani and HAL QCD collaboration for providing us with the numerical value of the scattering length [42] . The HAL QCD collaboration provides a real-valued scattering length because of N Ω( 5 S 2 ) single-channel analysis. We also note that the scattering length in our notation [see Eq. (39)] has opposite sign to that in HAL QCD. interaction (31) remains unchanged. In addition, to simulate the contributions from the ΛΞ and ΣΞ channels in finite volume in our framework, we take the real part of the box interaction V box(j) . Then, the scattering length is calculated as in Eq. (40) In this condition, we obtain the scattering length a = 7.4 fm with the coupling constant c = −22.1 GeV −2 . In the followings, we adopt this value of the coupling constant c = −22.1 GeV −2 together with the cutoff Λ = 1.0 GeV. We note that, if we keep the hadron masses in the lattice simulations but turn on the imaginary part of the box interaction, we obtain the scattering length a = 4.1 − 3.1i fm.
IV. PROPERTIES OF THE N Ω INTERACTION
Now that we have fixed parameters in our model, we discuss the properties of the N Ω( 5 S 2 ) interaction. In the following, we use the physical hadron masses in the isospin-symmetric limit summarized in Appendix A.
A. Elastic contributions
First we investigate properties of the N Ω( 5 S 2 ) interaction in the elastic N Ω channel, i.e., the V A,B,C (p ′ , p) terms in Eq. (31) . We note that the terms V A,B,C has no dependence on the energy E. The contributions V A,B,C (p ′ = p, p) are plotted in Fig. 4 as functions of the momentum p. As one can see from the figure, the contact term V C is strongly attractive and gives a dominant contribution. Other two terms, V A and V B , give moderate attraction on top of the contact term. This finding of the weak η and "σ" exchanges is consistent with the calculation based on a quark model in Ref. [28] . 
The η exchange interaction V A is weak because the ηN N coupling constant is small. The correlated two-meson exchange interaction V B is also weak. This is in contrast to the N N case, in which the broad "σ meson" plays an important role to generate N N attraction in the intermediate range region. The weakness of the correlated two-meson exchange in the N Ω system is because the broad "σ meson" cannot couple to the Ω via the ππ state [see Eq. (E11)]. Another resonance in the scalar-isoscalar channel, f 0 (980), has been considered to be a KK molecular state [44] [45] [46] and hence it can couple both to N and Ω. However, this contribution turns out to be also small, presumably because the heavier meson exchange acts only at the short range (high momentum) region. In order to estimate the strength of the attraction, we calculate the volume integral of the interaction in the momentum space:
The numerical results of the volume integrals of V A,B,C are listed in the second, third, and fourth rows in Table IV, respectively. We can see that the contact term (C) is about ten times more attractive than the η or correlated two-meson exchange. In other words, the lattice QCD scattering length [30] requires such attractive component represented by the contact term, in addition to the conventional meson exchanges at long distance. In addition to the S wave, we examine the D-wave N Ω contribution as well because the η exchange term V A can mix the S-and D-wave states owing to the tensor-force coupling, which is essential in the N N system through the π exchange. We note that there are two D-wave states with different spins in the
, to which we assign the channels j = 7 and 8, respectively. We calculate the D-wave contribution to the S wave in the N Ω system through the box diagrams with intermediate state being the N Ω( and N Ω( 3 D 2 ) channels:
For the interaction V j1 (j = 7 and 8) in the numerator of the integrand, we consider only the N Ω channel, V A+B+C , projected to the S and D waves in the initial and final states, respectively. We note that the effective interaction V D depends on the energy owing to the reduction of the D-wave channels. The D-wave contribution to the S-wave interaction V D (E; p, p) is plotted in Fig. 5 as a function of the momentum p. We fix the energy in the effective interaction as E = m N + m Ω = 2611.4 MeV, 2550 MeV, and 2650 MeV. Note that the box term provides an imaginary part of the interaction above the threshold (E = 2650 MeV). Comparing the result in Fig. 5 with those in Fig. 4 , we find that the D-wave contribution (∼ −0.4 GeV −2 at p = 0 GeV) is very tiny with respect to the S-wave contact term (∼ −22 GeV −2 at p = 0 GeV) and hence the D wave contribution in the S-wave interaction is negligible. We can understand this behavior by the weak ηN N coupling compared to the πN N coupling. We also find that the energy dependence of the D-wave contribution in the S-wave interaction is not significant.
To quantify the smallness of the D-wave contribution, we calculate the volume integral (42) of V D as listed in the fifth and sixth rows in Table IV . The volume integral from the D-wave contribution is only ∼ 1% of the contact-term contribution.
Based on these results, in the following discussions we neglect the N Ω( 5 D 2 ) and N Ω( 3 D 2 ) channels. 
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B. Inelastic contributions
Next we investigate the effects of the inelastic channels to the N Ω( * channel becomes significant only at higher momentum p 0.6 GeV. As for the imaginary part of the interaction, the intermediate ΛΞ term gives larger contribution than the ΣΞ one, which indicates the N Ω( 5 S 2 ) system mainly decays to the ΛΞ channel. We calculate the volume integral (42) from the inelastic contributions, and the results are listed from the seventh to eleventh rows in Table IV . We can see that the ΛΞ channel gives the strongest attraction and absorption among the inelastic channels. The sum of the real parts of the volume integrals from the ΛΞ( 3 D 2 ) and ΛΞ( 1 D 2 ) contributions is similar magnitude to the volume integral from the correlated two-meson exchange (−2.22 GeV −1 ). The imaginary part grows as the energy E increases because a larger phase space can be utilized for a higher energy E. We can also understand from Table IV that the energy dependence of the box interaction is not significant. Indeed, when we vary the energy from E = m N + m Ω to 2550 MeV or 2650 MeV, the shift of the volume integral in each contribution is only 1% of the total amount of the volume integral listed in the last row of Table IV .
We then calculate the on-shell N Ω( 5 S 2 ) scattering amplitude above the N Ω threshold and extract the scattering length and effective range.
The N Ω scattering amplitude f S (k) as a function of the relative momentum k is obtained by the formula (38) . Because the inverse of the scattering amplitude f S (k) is complex even at the threshold k = 0 GeV, which leads to a complex scattering length. The real part of f S (k) −1 is negative at the threshold, which implies the existence of an N Ω quasibound state below the threshold, and it increases almost quadratically. In the same energy region, the imaginary part of f S (k) −1 almost linearly decreases as a function of k like −ik. Because the energy dependence of f S (k) −1 at low energy is dictated by −ik + r eff k 2 /2 as shown Eq. (39), Fig. 7 indicates the imaginary part of the effective range is small. By using the formulae (40) and (41), we can calculate the scattering length a and effective range r eff , respectively. In our model we obtain a = 5.3 − 4.3i fm and r eff = 0.74 + 0.04i fm. We find that the real part of the effective range roughly corresponds to the length scale of the N Ω interaction, and the imaginary part is small, as expected. The magnitude of the scattering length is evidently larger than the interaction range, indicating the N Ω scattering is close to the unitary limit. With these threshold parameters, the effective range expansion (39) reproduces the inverse of the scattering amplitude f In general, when one takes into account the imaginary part of the potential to represent absorption into open channels, the binding energy of a bound state in quantum mechanics decreases. In particular, a shallow bound state may disappear above the threshold. In the present case, the pole position of the N Ω( 5 S 2 ) bound state would be 2611.0 MeV if the imaginary part of the interaction coming from the box terms were absent. The imaginary part of the N Ω interaction reduces the binding energy of the N Ω bound state from 0.3 MeV to 0.1 MeV. Therefore, we confirm that the absorptive effect by the ΛΞ and ΣΞ channels indeed acts repulsively, but the N Ω( 5 S 2 ) quasibound state stays below the threshold.
The N Ω system is an isospin doublet, and there are two components, pΩ − and nΩ − . In addition to the strong interaction, in the pΩ − system, the attractive Coulomb interaction between p and Ω − will assist the binding more. This point will be discussed at the end of this subsection with the wave function of the quasibound state.
In order to investigate the properties of the N Ω( 5 S 2 ) quasibound state, we calculate its wave function from the residue of the T -matrix at the pole position, according to the approach in Ref [47] . The off-shell T -matrix contains the pole in the following expression
The function γ(p) is related to the radial part of the N Ω quasibound-state wave function in momentum space as:
An important point to be noted is that the wave function R N Ω (p) is already normalized when extracted from the residue of the T -matrix, as the Lippmann-Schwinger equation (32) is inhomogeneous integral equation. From the wave function R N Ω (p) in momentum space we can calculate the wave function in coordinate space in a straightforward way:
where Y 00 ≡ 1/ √ 4π is the spherical harmonics. The norm of this wave function is expressed as
where we define the "density distribution" P N Ω (r):
We note the absence of the complex conjugate in Eqs. (44), (47) and (48), due to the unstable nature of the quasibound state. As a consequence, the wave functions R N Ω (p), ψ(r), the density distribution P N Ω (r), and the norm X N Ω are in general complex. The norm X N Ω from the T -matrix is called compositeness [45, 48, 49] and quantitatively evaluates the importance of the N Ω degrees of freedom for the quasibound state in the employed model. The compositeness X N Ω is unity for a purely N Ω state, but it deviates from unity when the interaction depends on the energy E as a consequence of the effective reduction of the inelastic channels. In the present formulation, the quasibound state can have ΛΞ, ΣΞ, and ΛΞ * components whose contributions are evaluated with [50, 51] 
As a result, we obtain X N Ω = 1.00 + 0.00i within three significant figures while we find that the others X ΛΞ , X ΣΞ , and X ΛΞ * are consistent with zero in this order. The result indicates that the quasibound state obtained in the present model is indeed composed of the N Ω channel. Besides, using the weak-biding relation derived by Weinberg [1] , the compositeness of a shallow bound state can be determined only by the observable quantities, the scattering length and the eigenenergy. The relation extended to the quasibound state with the finite decay width is given as [52, 53] where X wb N Ω is the compositeness for the N Ω channel,
MeV is the eigenenergy of the bound state measured from the N Ω threshold energy, µ = m N m Ω /(m N + m Ω ) is the reduced mass, R typ is the typical length scale of the interaction, and ω = 37.7 MeV denotes the difference between the threshold energy of the N Ω channel and that of the nearest channel, ΛΞ * . We estimate R typ with the η meson exchange interaction as R typ = 1/m η ∼ 0.4 fm. We find that |R typ /R| ∼ 0.1 and |l/R| 3 ∼ 0.0 are much smaller than unity, which justifies neglecting the second and third terms in Eq. (50) to calculate the compositeness of the N Ω quasibound state. Neglecting these correction terms and using the value of the scattering length a = 5.3 − 4.3i fm derived in the previous subsection, we obtain X wb N Ω = 1.1 + 0.1i. With this complex X wb N Ω , the real-valued compositeness, which is interpreted as the probability [52, 53] , is calculated asX wb N Ω = 1.0. This result indicates the dominance of the N Ω composite component, in agreement with the above calculation using the wave function.
We then plot the density distribution P N Ω (r) in coordinate space (48) in Fig. 8 (solid and dash-dotted  lines) . Because certain amount of density exists beyond r = 10 fm, the N Ω quasibound state is a spatially extended system owing to the tiny binding energy from the N Ω threshold. The average of the "distance" between N Ω is r 2 = 3.8 − 3.1i fm, where we define r 2 as
Although the "distance" is complex due to the resonance nature, its absolute value largely exceeds the typical size of baryons 0.8 fm. Meanwhile, as explained in Ref. [51] , the dumping of the wave function outside the potential range is related to the standard expectation value of the average distance:
The result is r 2 dump = 6.5 fm, which indicates dumping of the wave function to a very large distance compared to the typical hadron scale owing to the tiny binding energy.
We also estimate the shift of the binding energy by the Coulomb interaction in the pΩ − quasibound state. We calculate the shift of the bound-state eigenenergy, ∆E Coulomb , in a perturbation:
where α ≈ 1/137 is the fine-structure constant. The result is ∆E Coulomb = −0.9 − 0.4i MeV. Therefore, we conclude that both the binding energy and decay width will respectively shift ∼ +1 MeV by the Coulomb interaction for the pΩ − bound state.
V. EQUIVALENT LOCAL N Ω POTENTIAL
The existence of the N Ω quasibound state below the threshold implies possible Ω nuclei, generated by the attractive N Ω interaction. In addition, such possible Ω nuclei would shift eigenenergies of Ω − atoms, Coulombic bound states of Ω − and nuclei. To study the fewbody system of Ω in nuclei, it is useful to have a local N Ω potential in the Schrödinger equation for which several established techniques to perform rigorous few-body calculations are available. On the other hand, because the momentum-space N Ω interaction in the present formulation (31) is a function not only of the momentum transfer |p − p ′ | but also of the momenta p and p ′ individually, it is in general nonlocal. In addition, the scattering equation (32) is formulated with semirelativistic kinematics for baryons. Here we construct a local potential which equivalently reproduce the N Ω( 5 S 2 ) scattering amplitude in this study. We first determine the local potential through the matching with the interaction (31), and then check whether the low-energy observables are properly reproduced.
We consider a local potential in the S-wave Schrödinger equation
where r is the relative coordinate of the N Ω system and the reduced mass is defined as µ = m N m Ω /(m N + m Ω ). Note that the mass energy is included in the Hamiltonian, in order to be consistent with the definition of E in this paper. To parametrize V local (r), we introduce an analytic potential in momentum space as a superposition of nine Yukawa terms with different exchanged mass m n :
where q is the momentum transfer, Λ is a cutoff, and C n are the strength parameters of the local potential. This local potential in coordinate space is expressed as
To determine the strength parameters C n , we project the momentum-space potential to the S wave as
The S-wave Lippmann-Schwinger equation to obtain the T-matrix T NR , corresponding to the Schrödinger equation (55) , is expressed as
where the nonrelativistic on-shell energy is E NR (p) ≡ m N +m Ω +p 2 /(2µ). We determine C n by the matching of (31) at the threshold energy E = m N + m Ω as:
with a factor to compensate the difference of the kinematics
With the factors f (p)f (p ′ ), Eq. (59) coincides with the Lippmann-Schwinger equation (32) at the threshold.
We set the cutoff as the same value with V (E; p ′ , p) in Eq. (31), Λ = 1 GeV, and the mass parameters are chosen to be m n = n × (100 MeV) to cover the relevant ranges of the N Ω interaction. Then, we fit the coefficients C n to satisfy the condition (60) . With nine terms in Eq. (56), we can reproduce each component of N Ω( 5 S 2 ) interaction in Eq. (31) fairly well in the whole p-p ′ plane. As a result of the best fit, we obtain the parameters C n listed in Table V . Now we check that the local potential V local (r) well reproduces properties of the N Ω( 5 S 2 ) scattering amplitude around the threshold energy. Because we neglect the energy dependence of the potential, the local potential cannot be extrapolated to the energy region far away from the threshold. In the following, we examine the eigenenergy of the N Ω quasibound state and the lowenergy scattering with momentum k ≤ 0.2 GeV.
First, we solve the Schrödinger equation (55) with the local potential and obtain a quasibound state with eigenenergy E = 2611.4 − 0.7i MeV, which reproduces the pole position of the T -matrix in Eq. (32) to an accuracy of 0.1 MeV. From the wave function of the quasibound state, we calculate the density distribution P N Ω as in Eq. (48) and normalize it by the condition X N Ω = 1 in Eq. (47) . The real and imaginary parts of the resulting density distribution are plotted in Fig. 8 by the dashed and dotted lines, respectively. We can see that the density distribution from the local potential is very similar to that from the T -matrix. We also calculate the "distance" between N Ω, which results in r 2 = 2.8 − 4.5i fm and r 2 dump = 7.4 fm in the prescriptions of Eq. (52) and Eq. (53), respectively. These values are in fair agreement with those from the T -matrix as well.
Let us switch on the Coulomb potential V Coulomb (r) = −α/r for the pΩ − system. In the calculation of the energy shift in a perturbation of Eq. (54), we would obtain a similar result as in the previous section, because of the similarity of the density distributions P N Ω . Instead of such a perturbative calculation, we can easily perform the full calculation in the present case by solving the Schrödinger equation (55) with V Coulomb + V local . As a result of the full calculation, the eigenenergy moves to 2610.5 − 1.0i MeV, where the binding energy and decay width shift +0.9 MeV and +0.6 MeV, respectively. The increase of the binding energy is a natural consequence of the attractive Coulomb interaction. The Coulomb attraction induces the shrinkage of the wave function of the N Ω system, which leads to the increase of the decay width due to the enlarged overlap of two particles. The result of the shift of the eigenenergy indicates that the perturbative calculation of Eq. (54) gives a good estimation.
Second, we calculate the S-wave scattering amplitude f S (k) from the asymptotic behavior of the wave function ψ(r) at energy E with the local potential V local (r). The resulting f S (k) −1 is plotted in Fig. 7 as the dashed and dotted lines. We find that f S (k) −1 nicely reproduces the result from the T -matrix, which means that the local potential V local is accurate enough to describe the N Ω( 5 S 2 ) scattering near the threshold k ≤ 0.2 GeV. With f S (k) −1 from the local potential V local (r), we evaluate the scattering length and effective range as a = 5.2 − 5.0i fm and r eff = 0.78 + 0.06i fm, in fair agreement with those from the T -matrix. Note that the value of the scattering length is sensitive to the small modification of the system, reflecting the divergence in the unitary limit.
We show in Fig. 9 the equivalent local N Ω( 5 S 2 ) potential in coordinate space V local (r) together with the contribution from the contact term V C . From the figure, we confirm that the strong attraction in the N Ω( 5 S 2 ) interaction originates from the contact term V C while other contributions give moderate attraction. The interaction range in Fig. 9 is consistent with the effective range ∼ 0.7 fm obtained from the scattering amplitude f S .
VI. CONCLUSION
In this study we have investigated the N Ω( 5 S 2 ) interaction based on a baryon-baryon interaction model with meson exchanges. The long-range part has been composed of the conventional mechanisms: exchanges of η and "σ", i.e., correlated two mesons in the scalarisoscalar channel. The short-range part has been represented by the contact interaction. In addition, we have taken into account inelastic channels ΛΞ, ΣΞ, and ΛΞ(1530) which couple to the N Ω( 5 S 2 ) system via K exchange. The inclusion of the open channels, ΛΞ and ΣΞ, is important to describe the absorption effects in the physical N Ω system. The unknown strength of the contact interaction was determined by fitting the scattering length of the HAL QCD result at the nearly physical quark masses.
The constructed N Ω( 5 S 2 ) interaction was used to calculate the observable quantities at the physical point, including the absorption effects. For the N Ω( 5 S 2 ) scattering, we have obtained the scattering length a = 5.3 − 4.3i fm and the effective range r eff = 0.74 + 0.04i fm. The larger magnitude of the scattering length than the effective range indicates that the N Ω interaction is close to the unitary limit, and the positive real part indicates the existence of a shallow quasibound state below the threshold. Indeed, searching for the pole of the scattering amplitude, we have found that the N Ω( 5 S 2 ) quasibound state is generated with its eigenenergy 2611.3−0.7i MeV, which corresponds to the binding energy 0.1 MeV and the width 1.5 MeV. When the imaginary part of the interaction is switched off, we obtain a bound state at 2611.0 MeV. Thus, the imaginary part primarily induces the decay width, and slightly reduces the binding energy. The main decay mode is ΛΞ, owing to the larger KN Λ coupling than the KN Σ one. For the pΩ − bound state, the attractive Coulomb interaction further add a shift of ∼ +1 MeV both to the binding energy and decay width. The spatial size of the N Ω bound state will largely exceed the typical size of baryons.
We have discussed how the different mechanisms contribute to the N Ω interaction. It turns out that the attraction dominantly originates from the contact term. Other contributions, the η exchange, correlated twomeson exchange, and box terms with inelastic channels in the intermediate states, give moderate attraction. Be-cause we have considered all conventional mechanisms at the hadronic level, the discussion at the quark-gluon level would be necessary to clarify the origin of the N Ω attraction. Although the elimination of the inelastic channels induces the energy dependence of the single-channel N Ω interaction, the energy dependence has been found to be less than 1 % in the energy region 50 MeV above and below the threshold. We have found that the contribution from the D-wave N Ω states to the N Ω( 5 S 2 ) interaction is negligible as well. These results justify constructing a single-channel N Ω potential in S wave in the HAL QCD analysis [30, 31] .
We have constructed an equivalent local N Ω( 5 S 2 ) potential, which will be useful to applications for few-body systems, such as possible Ω nuclei generated by the attractive N Ω interaction. To avoid the S-wave decays which would bring a large decay width, it is essential to align the spins of Ω and nucleons to the same direction so that the N Ω system couples to the ΛΞ and ΣΞ decay modes only in D wave. In this sense, the Ω-deuteron bound state with J P = 5/2 + will be the most plausible candidate of the Ω nuclei.
Finally, we remark the possibility of the experimental investigation of the N Ω interaction and the quasibound state. Because the N Ω system has strangeness S = −3, practical candidate is the production in heavy ion collisions [54, 55] . Thanks to the small decay width, the N Ω quasibound state should be observed as a narrow peak in the invariant mass spectrum of the ΛΞ system near the N Ω threshold. In fact, the production yield of the N Ω bound state is estimated in Ref. [56] to be of the order of 10 −3 per central collision at RHIC and LHC, assuming the binding energy of the N Ω system as 19 MeV. If the binding energy is much smaller as we find in this paper, the production yield should be enhanced. Another tool is, as discussed in Ref. [33] , the pΩ − two-body correlation which reflects the low-energy interaction of the pΩ − system. Because we have shown that the imaginary part of the scattering length has the same magnitude with the real part, the coupling to the open channels should be taken into account to study the realistic pΩ − correlation function.
with the Pauli matrices σ, and
The Dirac spinors for a positive energy solution are expressed as u(p, s) with its three-momentum p and helicity λ, and its normalization is
whereū ≡ u † γ 0 . We employ the following explicit form of the Dirac spinors
where M is the mass of the particle, p ≡ |p|, and E(p) ≡ p 2 + M 2 . The two-component spinor χ λ is chosen to be helicity eigenstates
where θ and φ are the polar and azimuthal angles of the momentum p, respectively. In fact χ λ satisfies
Owing to this relation, one can simplify the spinors in Eq. (B5) as
The Dirac spinors for a negative energy solution is then calculated as v(p, λ) ≡ iγ 2 u * (p, λ), or explicitly
which is normalized as
The Dirac spinors satisfy the following relations
and
with p µ = (E(p), p) and / p ≡ p µ γ µ . Next, e µ (p, λ) denotes the polarization vectors for the spin 1 particle of three-momentum p, helicity λ, and mass M . The vectors are chosen to be helicity eigenstates:
, cos φ sin θ, sin φ sin θ, cos θ .
These are obtained by boosting the helicity eigenstates at the rest frame of the particle e µ (0, λ) = (0,ê λ ) with the three-vectorê λ
to the direction of the z axis to have a momentum p and then rotate to the direction of (θ, φ), where the momentum is p = (p cos φ sin θ, p sin φ sin θ, p cos θ). The polarization vectors are normalized as
and satisfy the following relations
Finally, the Rarita-Schwinger spinors for the spin 3/2 particle, u µ (p, λ), are constructed from the Dirac spinors u(p, λ) in Eq. (B8) and polarization vectors e µ (p, λ) in Eq. (B13) as
with the Clebsch-Gordan coefficients j 1 j 2 m 1 m 2 |J M . More explicitly, the Rarita-Schwinger spinors are
where we omitted the argument p for the Dirac spinors and polarization vectors. The Rarita-Schwinger spinors are normalized as
In addition, at the rest frame of the particle, the RaritaSchwinger spinors satisfy u 0 (0, λ) = 0 and
(B23) In a similar manner, we can construct the RaritaSchwinger spinors for the antiparticle, v µ (p, λ), as
which satisfy the following normalization and relations
Appendix C: Partial-wave projection of interactions
In this Appendix we show formulae of the projection of baryon-baryon interactions to general partial waves. Here the baryon-baryon scatterings are denoted by 
with the scattering angle θ. The mass of the baryon B a is expressed as m a . We calculate the partial-wave matrix elements of the interaction V α by following the Jacob-Wick formulation [57] , where α specifies the quantum numbers of the system (see below). First, according to Feynman diagrams, we calculate the interactions in terms of the helicity eigenstates as V (p ′ , λ 3 , λ 4 , p, λ 1 , λ 2 ), whose explicit forms are shown in the main part of this manuscript. Then, the interactions are projected to the total angular momentum J as 
with E a (p) ≡ p 2 + m 2 a . The factor κ was introduced so as to satisfy the optical theorem with the correct coefficients.
Finally, the interaction used for the LippmannSchwinger equation (32) is obtained as
where j a is the spin of the baryon B a , L (′) and S (′) are the orbital angular momentum and spin in the initial (final) state, respectively, S z ≡ λ 1 − λ 2 , and S ′ z ≡ λ 3 − λ 4 . We note that the orbital angular momentum L and spin S may take different values in the initial and final states as long as the total angular momentum J and parity 3 P = (−1) L of the system is conserved. An important example is the mixing of the S-and D-wave components for the N Ω system. In this sense, the quantum number is specified as α = (J, P, L ′ , S ′ , L, S).
Appendix D: Correlated two-meson exchange
In this Appendix we summarize our formulation of the correlated two-meson exchange, for which we concentrate on the exchange of the scalar-isoscalar channel (J P , I) = (0 + , 0). The contribution of the correlated two-meson exchange was expressed as V S,2M in Eq. (21) . According to the dispersion relation (22) , to calculate the correlated two-meson exchange taking place in the region t < 0, we may consider the same amplitude but in t > 4m 2 π , which can be achieved in the NN → ΩΩ reaction as shown in Fig. 2 .
Let us formulate the NN → ΩΩ reaction in Fig. 2 . We fix the nucleon momenta p 
and the scattering angle θ. Because we concentrate on the scalar channel, the scattering amplitude of the NN → ΩΩ reaction can be evaluated as the matrix element of the corresponding T -matrixT J=0 , which contains V S,2M according to crossing symmetry:
where
) and the constraints λ N = λN and λ Ω = λΩ are necessary to construct J = 0. Here we note some relations for the spinors:
where double-sign corresponds.
To calculate V S,2M in the region t < 0 via the dispersion relation (22), we need ImV S,2M (t) in t > 4m 2 π . For this purpose, we first recall the unitarity of the Smatrix:Ŝ †Ŝ = 1. Expressing this relation in terms of the T -matrix of the NN → ΩΩ reaction in the scalar channel, we have
where we omitted the parameters (p ′ , λ Ω , λΩ) for the ΩΩ state and (p, λ N , λN ) for the NN state. In the righthand side, n = ππ, KK, ηη, . . . denotes possible physical channels, m th(n) is its threshold, and ρ n (t) is its phase space. In particular, respectively. The NN , ΩΩ → PP amplitudes are calculated according to the diagram in Fig. 10 . To this end, we label the two meson channels ππ, KK, and ηη as j = 1, 2, and 3, respectively, and we project the Born term, i.e., the first term in Fig. 10 , into the scalar channel as
k is the angle between p (′) and k. The explicit forms of the matrix elements ofV are shown in Appendix E. Then, we evaluate the diagram in Fig. 10 according to the prescription by Blankenbecler-Sugar [58] as
where ω P (l) (k) ≡ k 2 + m 2 P (l) with P (l) being the meson in lth channel and T should be a off-shell amplitude and hence depends on the relative momenta k and k ′ as well. In the present study, we employ the so-called chiral unitary approach to describe T (2m) jl together with the on-shell approximation as explained in Appendix F, so T (2m) jl is a function only of t. [60] . With Appendices E and F, all the ingredients in the above amplitudes are determined. We can check how the NN → ππ amplitude in the present formulation works by calculating the Frazer-Fulco amplitude for the NN → ππ reaction [59] 
where the factor is due to the transition to the FrazerFulco amplitude in isospin basis. The result is shown in Fig. 11 together with quasiempirical values taken from Ref. [60] . The comparison indicates that our approach reproduces the quasiempirical values semi-quantitatively well. Finally, we evaluate ImV S,2M (t) in t > 4m 2 π from the on-shell amplitudes in Eqs. (D21) and (D22) and the relation in Eq. (D9). We express the right-hand side of Eq. (D9), i.e., the sum of the products of the phase space ρ j and amplitudes of the j → ΩΩ and NN → j reactions, as F (t, λ Ω ). We note that the product T * ΩΩ→j T NN→j contains the uncorrelated contributions depicted as the box diagram in Fig. 12 which eventually causes the double counting in the N Ω interaction with the η exchange term and with the box contributions of the inelastic channel in Section II H. We must cancel this double counting by subtracting the product of the Born terms. As a re-sult, F (t, λ Ω ) is F (t, λ Ω ) ≡ 
ImV 2M (t) = m 
In Fig. 13 we plot ImV S and ImV 2M in our model as functions of t > 4m 2 π . As one can see, ImV S takes a nonnegligible value only for t 1 GeV 2 . This may be interpreted as the exchanges of the f 0 (980) and correlated KK states. On the other hand, ImV 2M has a contribution at just above the threshold t = 4m 2 π as well, reflecting the contributions from the broad "σ" meson and correlated ππ.
Then, we utilize the dispersion relation (22) to evaluate V S,2M (t) in t < 0, where the correlated two-meson exchange takes place in the N Ω elastic scattering. Here we perform the integration with a cutoff t c instead of infinity, which we take t c = (1.2 GeV) 2 , which is the upper boundary of the fit range of our ππ-KK-ηη scattering amplitude in the chiral unitary approach to the experimental ππ(J = 0, I = 0) phase shift (Appendix F). PP = ππ, KK, and ηη. Here p, p ′ , and k are relative momenta of NN , ΩΩ, and PP , respectively, for which we take, without loss of generality, p = (0, 0, p), p ′ = (0, 0, p ′ ), and k = (k sin θ, 0, k cos θ) throughout this section. We define four-momenta p 
The notation (k ↔ −k) means to add the symmetrized contributions for the identical two-meson systems. Here F P BB and F P BD are coupling constants which are given by
Terms V N BN and V N DN are the amplitudes of the octetand decuplet-baryon exchange for the NN scattering, respectively, as functions of t, k, and p:
where S B (p) is the propagator of the octet baryon B
with its mass m B , and
where S D (p) is the propagator of the decuplet baryon D
with its mass m D . As for the form factor F (k) in the NN , ΩΩ → PP amplitudes, we employ the monopole type in Eq. (15) and use the same value of the cutoff Λ = 1 GeV. We do not include the width of the decuplet baryons in the propagator. Note that both V N BN and V N DN do not depend on the helicity λ N , so we take λ N = +1/2 here.
ΩΩ → meson-meson
Next, the ΩΩ → ππ, KK, and ηη Born terms are calculated as
Here F P BB and F P BD are coupling constants defined as Terms V ΩBΩ and V ΩDΩ are the amplitudes of the octetand decuplet-baryon exchange for the ΩΩ scattering, respectively, as functions of t, k, p ′ , and λ N :
Note that the amplitudes depend on the helicity λ Ω but this dependence will be canceled when divided by the bispinorū µ Ω (p ′ , λ Ω )vΩ µ (−p ′ , λ Ω ) as in Eq. (D9).
